Introduction {#sec1-1}
============

Urinary bladder cancer represents a substantial economic burden in developed countries, due to the highest lifetime treatment costs per patient of all cancers.^[@ref1],[@ref2]^ The majority of bladder cancer patients (75-80%) are first presented with papillary non-invasive (papillary urothelial neoplasm of low malignant potential (PUNLMP) ≈21% and non-invasive papillary urothelial carcinoma (pTa) ≈62%) or superficially invasive \[invasive papillary urothelial carcinoma (pT1) ≈17%\] urothelial carcinomas, whereas the remaining 20% to 25% of primary carcinomas are already muscle invasive \[muscle invasive papillary urothelial carcinoma (pT2)\].^[@ref3],[@ref4]^ PUNLMP, pTa and pT1 carcinomas can be removed by transurethral resection of the bladder (TURB). However, 70% of these patients will have at least one recurrent carcinomas, and up to 20-30% will eventually develop a more aggressive, muscleinvasive form.^[@ref4],[@ref5]^ At present, it is not possible to identify those PUNLMP, pTa and pT1 cases that will recur based on conventional histopathological assessment. Diverse immunohistochemical (*e.g*., keratin and fibroblast growth factor receptor 3 (FGFR3) expression pattern) and molecular (*e.g*., gene alterations, *FGFR3* mutations) markers have been suggested to predict recurrence, but conflicting results have been reported.^[@ref6]^ New diagnostic tools and personalized approaches are needed for more successful diagnosis and treatment of bladder urothelial carcinomas.

About 90% of bladder cancers arise from urothelium, a stratified epithelium that covers the luminal side of the urinary bladder. ^[@ref4],[@ref11],[@ref12]^ The superficial terminally differentiated umbrella cells synthesize large amounts of transmembrane glycoproteins uroplakins (UPs).^[@ref13]^ In the apical surface of the normal urothelium, UPs are organized into urothelial plaques, which form one component of the blood-urine permeability barrier. N-linked glycans of UPIa, UPIb and UPIIIa are part of a glycocalyx, which form another component of the permeability barrier.^[@ref16]^ Previously, it was shown that urothelial carcinogenesis is accompanied by changes of UPs expression as well as sugar residues composition,^[@ref19]^ however, the correlation between these two attributes is not known.

The routine diagnosis of bladder cancer relies on histopathological evaluation of paraffin sections from biopsy samples. The immunohistochemistry (IHC) is sometimes additionally done for detection of keratins, while lectin histochemistry (LHC) is not accepted as a diagnostic tool, despite several studies demonstrated that it could improve diagnosis of bladder cancer.^[@ref22]^ Correlation between protein and sugar residues expression and localization would offer additional information about carcinoma subtypes.

In this respect, we introduce here the innovative Combined Lectin- and Immuno- Histochemistry (CLIH) method. We used lectins *Amaranthus caudatus* agglutinin (ACA), *Datura stramonium* agglutinin (DSA) and jacalin (lectin from *Artocarpus integrifolia*), since these lectins are promising for distinguishing between normal and cancer urothelium.^[@ref19]^ To develop the CLIH method for different microscopic modalities of fluorescence microscopy, we performed different protocols of CLIH on paraffin sections. Because the preparation of paraffin sections potentially alters antigen and sugar residues characteristics, we also tested the same protocols of CLIH on cryo-semithin sections. Moreover, cryosemithin sections are 300 nm thick and therefore enable more precise co-localisation of protein and sugar residues expression. To sum up, CLIH is a versatile method, which could be applied to basic cell biology research of urothelial differentiation and analyses of urothelial carcinomas.

Materials and Methods {#sec1-2}
=====================

Polyclonal rabbit antibodies developed against total bovine uroplakins - anti-UPs antibodies (pAb), which react strongly with UPIIIa, moderately with uroplakin Ia and Ib, and weakly with uroplakin II, were a kind gift from Prof. Tung-Tien Sun, Department of Cell Biology, New York University Medical School.^[@ref14]^ Fluorescein isothiocyanate (FITC) labelled lectins ACA, DSA and jacalin (JAC) were purchased from Vector Laboratories (Burlingame, USA). Lectin inhibitory sugars bovine submaxillary mucin for ACA, galactose for jacalin and chitin hydrolysate for DSA were also purchased from Vector Laboratories (Burlingame, USA). Secondary antibodies were goat anti-rabbit IgG conjugated with Alexa Fluor 555 (sAb-AF555; Thermo Fischer Scientific, USA) for IHC and CLIH and goat anti-rabbit IgG conjugated with horseradish peroxidase (Sigma-Aldrich, Taufkirchen, Germany) for Western blotting. We used Vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). For protein concentration determination we used a bicinchoninic acid (BCA)^TM^ protein assay kit (Pierce, Rockford, IL). For western and lectin blotting we used: enhanced chemiluminescence reagent (ECL; Amersham Biosciences, Buckinghamshire, UK ), Restore Western Blot Stripping Buffer (Pierce, Rockford, IL), anti-FITC (Sigma-Aldrich), anti-actin (Sigma-Aldrich), and anti-α-tubulin (Sigma-Aldrich) antibodies. All other chemicals were obtained from Sigma-Aldrich, unless otherwise specified.

Patients and sampling {#sec2-1}
---------------------

The study was conducted in accordance with the Helsinki Declaration and approved by the Slovenian National Medical Ethics Committee, No. 76/10/10. The study population consisted of 9 patients with bladder cancer who underwent TURB. Informed consent was obtained from all patients. Two samples were acquired by cold-cup biopsies from each patient: i) the urothelial carcinoma, and ii) the normal urothelium 1 cm posterior from the interureteric ridge. Biopsies captured urothelium and part of lamina propria. Six (6) samples were considered as normal, since they had no signs of hyperplasia or dysplasia. For pathological staging and grading, the EAU Guidelines on Non-muscle-invasive Bladder Cancer were used.^[@ref4]^ Urothelial cancers were diagnosed as a papillary urothelial neoplasm of low malignant potential - PUNLMP (3 samples), non-invasive papillary urothelial carcinoma of low grade - pTa l. g. (3 samples) and invasive papillary urothelial carcinoma of high grade with lamina propria invasion - pT1 h. g. (3 samples). The samples were processed for paraffin and cryo-semithin sections, and western and lectin blotting.

Sample preparations {#sec2-2}
-------------------

For paraffin sections, samples were fixed with 4% formaldehyde (FA) in phosphate-buffered saline (PBS) overnight at 4°C and embedded in paraffin. Paraffin sections were 5 μm thick, cut from at least two different parts of each sample and stained with hematoxylin and eosin (HE).

For cryo-semithin sections, samples were fixed in 2% FA plus 0.05% glutaraldehyde in PHEM buffer for one h at RT and postfixed in 0.5% FA in PHEM buffer overnight at 4°C. Samples were then washed in PBS and embedded in 12% gelatin. Then samples were incubated in 2.3 M sucrose at 4°C overnight. Lastly, samples were frozen with liquid nitrogen. Cryo-semithin sections, 300 nm thick, were cut in cryo-ultramicrotome (Leica, Microsystems, Germany). Then sections were collected on glass slides and airdried. Cryo-semithin sections were washed in PBS and then in 0.1% glycine in PBS.

For lectin and western blotting, samples were homogenized in ice-cold buffer (0.8M Tris-HCl, 7.5% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride). The lysates were centrifuged and the protein concentration in the supernatant was determined by using a BCA^TM^ protein assay kit.

Immunohistochemistry {#sec2-3}
--------------------

IHC was performed as previously described.^[@ref26],[@ref27]^ Briefly, all sections were incubated in 2.5% bovine serum albumin (BSA) in PBS for 1 h at room temperature (RT) to block nonspecific labelling. Then, sections were incubated overnight at 4°C with primary antibodies (pAb) anti-UPs antibodies (diluted 1:5000 for paraffin sections and 1:10000 for cryo-semithin sections). After washing in PBS, sections were incubated for 1 h at RT with secondary antibodies conjugated with Alexa Fluor 555 (sAb-AF555), diluted 1:400. A series of negative controls were performed, omitting the primary antibody or incubating sections with a non-relevant antibody. Sections were washed and immersed in Vectashield with DAPI.

Lectin histochemistry {#sec2-4}
---------------------

LHC was performed as previously described.^[@ref28]^ Briefly, nonspecific labelling was blocked in 1% BSA, 0.005% Triton X-100 and 0.05% Tween 20 in PBS for 10 min at RT. After washing in PBS, sections were incubated with lectins, conjugated to FITC, for 30 min at RT. Sections were then washed and immersed in Vectashield with DAPI. Lectins were titrated and the optimal concentrations were used thereafter (ACA - 2 μg/mL, DSA -- 20 μg/mL, jacalin -- 2 μg/mL). Controls for LHC were performed using: i) substitution of lectin solution with the buffer alone; ii) incubation of each lectin in the presence of its hapten inhibitory sugar at the concentration of 0.75 M (bovine submaxillary mucin for ACA) and 1.11 M (galactose for JAC), while a stock solution of chitin hydrolysate for DSA was used.

Protocols of CLIH {#sec2-5}
-----------------

CLIH was performed on paraffin and cryo-semithin sections by the same concentrations of lectins and dilutions of antibodies as in IHC and LHC. Five different protocols were used for paraffin and cryo-semithin sections as shown in [Table 1](#table001){ref-type="table"}.

A series of negative controls were performed. Controls for IHC were performed by omitting the primary antibody or incubating sections with a non-relevant antibody. Controls for LHC were performed using: i) substitution of lectin solution with the buffer alone; ii) incubation of each lectin in the presence of its hapten inhibitory sugar at the concentration of 0.75 M (bovine submaxillary mucin for ACA) and 1.11 M (galactose for JAC), while a stock solution of chitin hydrolysate for DSA was used.

Microscopy and image acquisition {#sec2-6}
--------------------------------

Slides were analysed using a Plan-Apochromat objective (20./NA 0.75) and an oil immersion objective (63.oil/NA 1.40) in a fluorescence microscope Axio Imager.Z1 (Zeiss, Jena, Germany). Filtersets used were from Zeiss: filter set 49 for blue fluorescence (excitation: G365, beamsplitter: FT 395, emission: BP 445/50); filter set 43 HE for red fluorescence (excitation: BP 550/25, beamsplitter: FT 570, emission: BP 605/70); filter set 10 for green fluorescence (excitation: BP 450-490, beamsplitter: FT 510, emission: BP 515-565). The images were taken at the same exposure time for uroplakins (red) (objective 20.: excitation time 206 ms; 63. oil: excitation time 60 ms), and for each lectin (green) (ACA - objective 20.: excitation time 667 ms; 63. oil: excitation time 381 ms; JAC - objective 20.: excitation time 667 ms, 63. oil: excitation time 401 ms; DSA - objective 20.: excitation time 118 ms, 63. oil: excitation time 118 ms), and for DAPI (blue) (objective 20.: excitation time 382 ms; 63. oil: excitation time 309 ms). Merged images were acquired in AxioVision Rel. 4.8 programme (Zeiss).

Western and lectin blotting {#sec2-7}
---------------------------

From each patient, the protein sample (5 μg/lane) from the normal urothelium was loaded next to the protein sample (5 μg/lane) from different urothelial carcinomas. Proteins were size-fractionated on 7.5%, 12% and 15% SDS-polyacrylamide gels and then transferred to Hybond ECL nitrocellulose membranes (Amersham Biosciences, Buckinghamshire, UK) by electroblotting. For western blotting, membranes were blocked overnight at 4°C in 5% milk in PBS with 0.1% Tween (PBS-Tween) and incubated overnight at 4°C with pAb (1:10000). After washing, the membranes were incubated for 2 h at RT with sAb-peroxidase, diluted 1:1000. For lectin blotting, the membranes were blocked in RIPA buffer for 90 min at RT, washed in PBS-Tween and then incubated overnight at 4°C with lectins conjugated with FITC and diluted in PBS-Tween (ACA 1:2000, DSA 1:2000, jacalin 1:3000). After washing in PBSTween, membranes were incubated for 90 min with mouse anti- FITC antibodies (1:1000). After washing in PBS-Tween, membranes were incubated for 1 h with sAb-peroxidase, diluted 1:1000.

Membranes for western and lectin blotting were finally probed with ECL and exposed to X-ray films. To confirm equal protein loading, the blots were stripped and reprobed with anti-actin (1:2000) or anti-α-tubulin antibody (1:2000).

Results {#sec1-3}
=======

ACA and jacalin bind to the apical surface of normal UPs positive human urothelium {#sec2-8}
----------------------------------------------------------------------------------

On paraffin and cryo-semithin sections, the apical plasma membrane (PM) of normal urothelial cells was labelled with anti- UPs antibodies, while the labelling of fusiform vesicles was observed only in cryo-semithin sections ([Figure 1 A](#fig001){ref-type="fig"},[B](#fig001){ref-type="fig"}). ACA and jacalin labelled apical PM of umbrella cells ([Figure 1 C](#fig001){ref-type="fig"},[D](#fig001){ref-type="fig"},[G](#fig001){ref-type="fig"},[H](#fig001){ref-type="fig"}). DSA labelled the cytoplasm of umbrella cells, while the apical PM was not labelled ([Figure 1 E](#fig001){ref-type="fig"},[F](#fig001){ref-type="fig"}). To sum up, we showed that apical PM of UPs positive human umbrella cells is labelled by ACA and jacalin and not by DSA.

###### 

Five different protocols of CLIH.

  Protocol number   Protocol summary     Protocol steps
  ----------------- -------------------- -----------------------------------------------------------------------------------------
  Protocol 1        LHC - IHC            lectin-FITC →washing →pAb →washing →sAb-AF555 →washing →DAPI →mounting →FM
  Protocol 2        LHC - FA - IHC       lectin-FITC →washing →FA →washing →pAb →washing →sAb-AF555 →washing →DAPI →mounting →FM
  Protocol 3        IHC - LHC            pAb →washing →sAb-AF555 →washing →lectin-FITC →washing →DAPI →mounting →FM
  Protocol 4        IHC - FA - LHC       pAb →washing →sAb-AF555 →washing →FA →washing →lectin-FITC →washing →DAPI →mounting →FM
  Protocol 5        pAb - lectin + sAb   pAb →washing →lectin-FITC + sAb-AF555 →washing →DAPI →mounting →FM

FA, stabilization of bound lectins or primary antibodies with 4 % formaldehyde for 5 min at RT, followed by washing of sections with PBS; FM, examination with a fluorescence microscope Axio Imager.Z1 (Zeiss).

To test the specificity of lectin labelling we performed two types of negative controls. First, the negative controls using inhibitory sugars were performed. The results showed some lectin labelling especially with DSA, indicating that weak unspecific labelling could occur (Supplementary Figure 1). Second, the negative controls performed by omitting lectins were negative (*data not shown*).

The comparison between different protocols of CLIH {#sec2-9}
--------------------------------------------------

For combined imaging of proteins and carbohydrates on the same tissue section, we first tested five different protocols on paraffin and cryo-semithin sections of normal urothelium with antibodies against UPs and lectin ACA. The results were similar regardless of which protocol (protocol 1 -- protocol 5) was used ([Figure 2](#fig002){ref-type="fig"}). ACA and UPs were co-localized in the apical PM of superficial cells of the normal urothelium. Nevertheless, in the apical cytoplasm of these superficial cells strong ACA labelling was observed, with negative or weak uroplakin labelling ([Figure 2](#fig002){ref-type="fig"}). The difference between paraffin and cryo-semithin sections was observed in the intermediate and basal urothelial cells, in which ACA labelling was negative or weakly positive in paraffin sections ([Figure 2 A](#fig002){ref-type="fig"},[C](#fig002){ref-type="fig"},[E](#fig002){ref-type="fig"},[G](#fig002){ref-type="fig"},[I](#fig002){ref-type="fig"}) and positive in cryo-semithin sections ([Figure 2 B](#fig002){ref-type="fig"},[D](#fig002){ref-type="fig"},[F](#fig002){ref-type="fig"},[H](#fig002){ref-type="fig"},[J](#fig002){ref-type="fig"}).

![Normal human urothelium with UPs positive apical PM (A,B) and sugar residues that bind ACA (C,D), DSA (E,F) and jacalin (G,H). Antibodies against UPs (red) label mainly apical PM of umbrella cells in paraffin (A) and cryo (B) sections. ACA (green) label mainly apical PM of umbrella cells in paraffin section (C), intermediate and basal cells in cryo-semithin section (D). DSA (green) label the cytoplasm of umbrella cells in paraffin section (E), cytoplasm of intermediate and basal cells in cryo-semithin section (F). Jacalin (green) label apical PM of umbrella cells in paraffin and cryo-semithin section (G,H). White line outline the basal lamina. L, lumen of the bladder; U, urothelium; LP, lamina propria. Scale bars: 10 μm.](ejh-64-3-3141-g001){#fig001}

Second, we compared five different protocols on cryosemithin sections of normal urothelium with antibodies against UPs and lectins DSA and jacalin. The results with these lectins were in general similar regardless of the protocol used (protocol 1 -- protocol 5) (Supplementary [Figure 2](#fig002){ref-type="fig"}). The apical PM of superficial cells was uroplakin positive, while DSA did not bind to it. DSA labelling was observed in the cytoplasm of intermediate and basal urothelial cell, where no uroplakin labelling was detected (Supplementary [Figure 1](#fig001){ref-type="fig"}). Therefore, there was no co-localization between UPs and DSA labelling. On the other hand, lectin jacalin exhibited strong labelling of the apical PM of superficial cells (Supplementary [Figure 1](#fig001){ref-type="fig"}). Jacalin also weakly labelled the apical cytoplasm of superficial cells and the cytoplasm of some intermediate cells, where uroplakin labelling was negative (Supplementary [Figure 2](#fig002){ref-type="fig"}).

![CLIH on paraffin (A,C,E,G,I) and cryo (B,D,F,H,J) sections of normal human urothelium with antibodies against UPs (red) and lectin ACA (green) following 5 protocols. Co-localisation between UPs and ACA labelling is present at the apical PM of umbrella cells. The cytoplasm of umbrella cells is labelled by ACA in paraffin and cryo-semithin sections, while the cytoplasm of intermediate and basal cells is labelled by ACA only in cryo-semithin sections. White line outline the basal lamina. L, lumen of the bladder; U, urothelium; LP, lamina propria. Scale bars: 10 μm.](ejh-64-3-3141-g002){#fig002}

To sum up, five different protocols of CLIH combining antibodies against UPs and lectins ACA, DSA or jacalin gave comparable results in normal urothelium. Since in the protocol 5, the primary antibodies were used first and the mixture of secondary antibodies and lectins was applied after washing, one or two incubations (with FA and separately with lectin and sAb) and washings were ommited ([Table 1](#table001){ref-type="table"}). Therefore, protocol 5 is the fastest one and should be considered in future research.

Co-localization of ACA and jacalin with UPs in the apical PM of the normal human urothelium documented by CLIH {#sec2-10}
--------------------------------------------------------------------------------------------------------------

CLIH showed that lectins ACA and jacalin were co-localised with UPs in the apical PM of the umbrella cells, while there was no co-localisation between DSA and UPs ([Figure 3](#fig003){ref-type="fig"}). These results were in accordance with separate lectin histochemistry and immunohistochemistry ([Figure 1](#fig001){ref-type="fig"}) and demonstrated that co-localisation is observed in the apical PM and not in the cytoplasm of urothelial cells. The majority of apical PM of superficial cells was uroplakin positive and UPs co-localized with the ACA and jacalin labelling ([Figure 2](#fig002){ref-type="fig"}, [Figure 3 D](#fig003){ref-type="fig"},[L](#fig003){ref-type="fig"}, Supplementary Figure 1 B,D,F,H,J). Interestingly, some portions of the apical PM were uroplakin negative, but still showed ACA and jacalin labelling (green apical PM in [Figure 2H](#fig002){ref-type="fig"}, Supplementary [Figure 1 B](#fig001){ref-type="fig"},[D](#fig001){ref-type="fig"},[F](#fig001){ref-type="fig"}). On the other hand, some portions were ACA and jacalin negative but showed positive uroplakin labelling (red apical PM in [Figure 2 B](#fig002){ref-type="fig"},[C](#fig002){ref-type="fig"},[L](#fig002){ref-type="fig"},[J](#fig002){ref-type="fig"}, Supplementary Figure 1 F,H,J). These results indicated that lectins ACA and jacalin does not bind to UPs, but presumably to some other proteins of the apical PM. To check this notion, we performed lectin blotting with all three lectins and western blotting with antibodies against UPs. In the samples of normal urothelium, ACA and jacalin bounded predominantly to the glycoprotein of approximately 60 kDa, while molecular weights of UPs are 47 kDa (UPIIIa), 28 kDa (UPIb), 27 kDa (UPIa) and 15 kDa (UPII) (Supplementary Figure 2). On the other hand, DSA bounded predominantly to the glycoprotein of approximately 50 kDa, which is very close to the 47 kDa of the UPIIIa (Supplementary Figure 2), yet CLIH showed that there is no co-localisation between DSA and UPs ([Figure 3H](#fig003){ref-type="fig"}). We suggest that the results of CLIH, western blotting and lectin blotting should be compared when evaluating CLIH method.

The further analysis of co-localisation between UPs and lectins in the papillary carcinomas was focused on the apical PM, since biosynthesis of UPs and all other glycoproteins follows the same pathway from the endoplasmic reticulum to the Golgi apparatus and finally culminates in the apical PM.^[@ref29]^

ACA, jacalin and UPs are focally negative in most papillary carcinomas {#sec2-11}
----------------------------------------------------------------------

All papillary urothelial carcinomas (PUNLMP, pTa, l.g. and pT1, h.g.) exhibited uroplakin positive and uroplakin negative regions of the apical PM ([Figure 4 D-F](#fig004){ref-type="fig"}). To quantify the expression of UPs, we performed western blotting. The expression of UPs in all urothelial papillary carcinomas was positive (Supplementary [Figure 3](#fig003){ref-type="fig"}). In all samples, we detected the band at 47 kDa, which is the molecular weight of UPIIIa. In the sample of PUNLMP uroplakin expression was increased in comparison to normal urothelium, while in the samples of pTa, l.g. and pT1, h.g. it was decreased (Supplementary [Figure 3](#fig003){ref-type="fig"}).

![CLIH following the protocol 5 on cryo-semithin sections of normal human urothelium with lectins ACA (green in A, D), DSA (green in E, H) and jacalin (green in I, L) and antibodies against UPs (red in B, D, F, H, J, L) (red). Co-localisation between UPs and ACA or jacalin labelling is present at the apical PM of umbrella cells (yellow in D and L), while there is no co-localisation between UPs and DSA. White line outline the basal lamina. L, lumen of the bladder; U, urothelium; LP, lamina propria. Scale bars: 10 μm.](ejh-64-3-3141-g003){#fig003}

![Urothelial papillary carcinomas (PUNLMP, pTa, l.g. and pT1, h.g.) stained with HE (A-C) and labelled with anti-UPs antibodies (D-F) and lectins ACA (G-I), DSA (J-L) and jacalin (M-O). UPs (red) are expressed in some regions of the apical PM (D-F). ACA and jacalin labelling (green) is focally negative, while DSA labelling (green) is entirely negative at the apical PM. All three lectins label some areas of the cytoplasm of superficial and intermediate urothelial cells. All the images are from paraffin sections except for G, H, J, which are from cryo-semithin sections. White line outline the basal lamina. L, lumen of the bladder; U, urothelium; LP, lamina propria. Scale bars: 20 μm.](ejh-64-3-3141-g004){#fig004}

Lectin histochemistry revealed that ACA and jacalin labelled some regions of the apical PM of the superficial cells and some regions of the cytoplasm of superficial and intermediate urothelial cells of all papillary carcinomas studied here ([Figure 4 G-I](#fig004){ref-type="fig"},[M-O](#fig004){ref-type="fig"}). Similarly, as in normal urothelium, DSA did not labelled the apical PM of the papillary carcinomas, while some regions of the cytoplasm of superficial and intermediate urothelial cells were strongly labelled by DSA ([Figure 4 J-L](#fig004){ref-type="fig"}). When we compared the lectin histochemistry performed on paraffin and cryo-semithin sections, we observed that intracellular compartments labelled by lectins were visible in more details in cryo-semithin sections ([Figure 4 G](#fig004){ref-type="fig"},[H](#fig004){ref-type="fig"},[J](#fig004){ref-type="fig"}) than in paraffin sections ([Figure 4 I](#fig004){ref-type="fig"},[K-O](#fig004){ref-type="fig"}). This was probably due to thickness of cryo-semithin sections (300 nm), which were more than 10 times thinner than paraffin sections (5000 nm). Our results show that lectin histochemistry on paraffin and cryo-semithin sections gives similar results with more detailed intracellular structures visible in cryo-semithin sections.

To analyse the correlation between uroplakin and lectin negative and positive regions of the apical PM, we performed CLIH on the paraffin sections of different papillary carcinomas.

CLIH shows heterogeneity of superficial cells in papillary carcinomas {#sec2-12}
---------------------------------------------------------------------

CLIH performed on all samples of papillary carcinomas (PUNLMP, pTa, l.g., pT1, h.g.) exhibited that similarly as in normal urothelium, lectin DSA did not labelled apical PM in papillary carcinomas and no co-localisation between UPs and DSA was observed ([Figure 5](#fig005){ref-type="fig"}). CLIH also revealed that in all samples of papillary carcinomas UPs and lectin ACA or UPs and lectin jacalin colocalized in some regions of the apical PM, while in other regions only UPs or only lectins were positive and even some regions of uroplakin and lectin negative labelling were observed ([Figure 5](#fig005){ref-type="fig"}). This results again suggest that ACA and jacalin did not bind to UPs and points toward great heterogeneity of the superficial cancer urothelial cells regardless of the type of carcinomas. To confirm this notion and to see whether the pattern of lectin binding to proteins separated by electrophoresis changes during bladder carcinogenesis, we performed lectin-blotting with the same lectins as lectin histochemistry and CLIH (Supplementary [Figure 3](#fig003){ref-type="fig"}). All three lectins bonded to sugar residues of proteins in all the samples (normal urothelium, PUNLMP, pTa and pT1), which is in accordance with the results of lectin histochemistry and CLIH. Additionally, lectin-blotting showed that all three lectins bonded to sugar residues of proteins with different molecular weights (Supplementary [Figure 2](#fig002){ref-type="fig"}). Some bands showed differences between normal and cancer urothelia, while others did not. The major differences between normal and papillary carcinomas were observed at approximate molecular weights as follows: for ACA at 80 kDa, 30 kDa and 17 kDa; for DSA at 245 kDa, 80 kDa and 17 kDa; and for JAC at 190 kDa, 30 kDa and 17 kDa (Supplementary [Figure 3](#fig003){ref-type="fig"}). In all papillary carcinomas glycoproteins with low molecular weight (approximately 17 kDa) were expressed, while in normal samples they were not expressed. On the other hand, the expression of some glycoproteins was diminished in carcinomas when compared to normal urothelium, especially in the samples of pTa, l.g.

To conclude, our results confirm that CLIH together with lectin blotting could be used to distinguish between normal urothelium and urothelial papillary carcinomas. Moreover, if different lectins and antibodies would be selected, CLIH could distinguish between different papillary carcinoma subtypes.

![CLIH following the protocol 5 with lectins ACA (green in A-C), DSA (green in D-F) and jacalin (green in G-I) and antibodies against UPs (red) on the paraffin sections of PUNLMP, pTa, l.g. and pT1, h.g. UPs (red) are focally positive in the apical PM of all cancers. In some regions of the apical PM UPs co-localize with ACA and jacalin (yellow), while there is no co-localization with DSA. White line outline the basal lamina. L, lumen of the bladder; U, urothelium. Scale bars: 20 μm.](ejh-64-3-3141-g005){#fig005}

Discussion {#sec1-4}
==========

In our study, we tested five different protocols for the innovative method of CLIH for fluorescence microscopy. All the protocols gave comparable results and showed co-localisation between lectin and antibody binding. Since protocol number 5 (incubation in primary antibodies followed by incubation in mixture of secondary antibodies and lectins) is the fastest one, we recommend this protocol to be used in future studies. Moreover, we suggest that CLIH could be used as a new diagnostic tool for diseases where protein expression and glycosylation is altered during disease progression as well as for innovative basic cell biology research.

We performed LHC, IHC, and CLIH on paraffin and cryosemithin sections of normal human urothelium and different urothelial papillary carcinomas. Paraffin sections are standard for histopathologic evaluations and paraffin blocks are stored for retrograde studies if needed. Therefore, paraffin sections are the best option for quick implementation of innovative methods into a routine diagnostic strategy. On the other hand, cryo-semithin sections offer better preservation of antigenic and carbohydrate residues as well as higher intracellular compartment visibility due to their more exact fixation, freezing and cutting, which is suitable also for transmission electron microscopy. Moreover, the thickness of cryo-semithin sections (300 nm) is approximately 17-times smaller than the thickness of paraffin sections (5000 nm) enabling more precise observation of co-localisation. This is due to the fact that in thinner cryo-semithin sections the fluorescence signal comes from one optical plane, which is similar to confocal microscopy.^[@ref30]^ In this study we demonstrated, by testing paraffin and cryo-semithin sections, that both types of sections are useful for CLIH and retrieve similar results. This is important, since the paraffin sections are widely used, cheaper and more permanent than cryo-semithin sections. Moreover, the majority of archived human samples are embedded in paraffin and could be used for CLIH in retrospective studies.

Our results showed that lectins ACA and jacalin bind to sugar residues in the apical PM of umbrella cells of normal urothelium, which is consistent with our previously published study.^[@ref19]^ Major sugar residues of the UPs are high mannose glycans, fucosylated complex glycans and N-linked complex glycans capped by sialic acid.^[@ref25]^ In normal urothelium specific glycoproteins like E-selectin, mucins 1, 2, 4, 6 and 7 and galectins are also expressed.^[@ref25]^ACA and jacalin predominantly bind to galactosyl(β-1,3)*N*-acetilgalactosamine (Thomsen-Friedenreich antigen, Tn) and its sialylated form (sTn). Although Tn and sTn are thought to not be present in the normal urothelium,^[@ref31]^ in our study ACA and jacalin labelled apical PM of umbrella cells. Moreover, CLIH revealed that ACA and jacalin co-localise with UPs in the apical PM of umbrella cells. Labelling with ACA, DSA and jacalin was also observed in the cytoplasm of intermediate and basal cells in normal urothelium, but here no co-localisation with UPs was observed. We have previously shown changes of UPs in human bladder cancers by DAB immunohistochemistry.^[@ref32]^ Here we used immunofluorescence to confirm previous observations and because the immunofluorescence is more suitable for combination with second marker, *e.g*. lectin labelled with fluorochrome. In the samples of urothelial papillary carcinomas (PUNLMP, pTa, l.g. and pT1, h.g.) ACA and jacalin labelled some regions of the apical PM of superficial cells. The co-localisation with UPs was or was not present. These results indicate that ACA and jacalin do not bind to sugar residues of UPs and that superficial cancer urothelial cells are very heterogenic. Lectins ACA and jacalin bind to same sugar residue galactosyl (β- 1,3)N-acetylgalactosamine and its sialated form, while DSA binds to galactosyl (β-1,4)N-acetylglucosamine oligomers. These bindings are thought to be preferential, yet lectin blotting revealed slightly different binding patterns of ACA and jacalin, especially to the proteins above 30 kDa (Supplementary [Figure 3](#fig003){ref-type="fig"}). Therefore, we assume that their affinities to sugars are not entirely specific, which was also supported by the results of negative controls performed with inhibitory sugars and reported elsewhere.^[@ref33]^ Moreover, DSA lectin blotting revealed similar band as ACA at approximately 80 kDa. Similarly, as CLIH, lectin blotting also showed differences between normal urothelium and papillary carcinomas. For example, lectins ACA and jacalin labelled band at the approximate molecular weight of 30 kDa in all samples of urothelial carcinomas, but not in normal urothelium. On the other hand, lectins ACA and DSA, which bind to different sugar residues, both labelled band of approximately 80 kDa in samples of normal urothelium, but not in the samples of urothelial carcinomas. Only in normal urothelium jacalin labelled bands at the approximate molecular weight of 190 kDa. There were also some alterations between different urothelial carcinomas. Interestingly, the sample of pTa, l.g. exhibited the lowest number of bands (Supplementary [Figure 3](#fig003){ref-type="fig"}). However, the band at approximately 17 kDa was present in blots of all three lectins in the samples of all carcinomas, but not in the sample of normal urothelium. Additionally, DSA blotting showed bands at around 47 kDa with very similar intensities as bands of UPIIIa (47 kDa), meaning strong bands in normal and PUNLMP samples and weaker bands in pTa, l.g. and pT1, h.g. samples. Yet CLIH showed no co-localization between DSA and UPs in normal and in papillary carcinoma samples. We, therefore, assume that DSA blotting showed bands of some other protein with similar molecular weight and similar expression pattern during urothelial carcinogenesis as UPIIIa. Our results show that blotting with different lectins can distinguish between normal urothelium and various urothelial carcinomas and therefore complement the results of lectin histochemistry and CLIH.

We conclude that CLIH method provides information about the correlation between protein expression (detected by IHC) and lectin labelling (detected by LHC) in the same tissue section. This is especially important for basic cell biology reaseach and when this information could improve diagnosis of a certain disease, especially cancers. For example, urothelial papillary carcinomas are accompanied by protein expression alterations and changes in carbohydrate composition, yet none of these facts alone do not benefit urologists and patients. We therefore analysed the results of CLIH to detect differences between carcinoma subtypes. To evaluate the diagnostic value of CLIH and its contribution to improved treatment and management of the urinary bladder cancer long-lasting studies including a sufficiently large number of patients with phenotypically different carcinomas are needed. Moreover, testing of various lectins and different protein markers should be performed in order to find the right combination.
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